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Existing data on near-barrier fusion excitation functions of medium and heavy nucleus-nucleus
systems have been analyzed using a simple diffused barrier formula derived assuming the Gaussian
shape of the barrier height distributions. Fusion cross section is obtained by folding the Gaussian
barrier distribution with the classical expression for the fusion cross section for a fixed barrier.
The energy dependence of the fusion cross section, thus obtained, provides good description to
the existing data on near-barrier fusion and capture excitation functions for medium and heavy
nucleus-nucleus systems. The fusion or capture cross section predictions are especially important
for planning experiments for synthesizing new super-heavy elements.
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I. INTRODUCTION
Nuclear fusion reactions are widely used in nuclear
physics to produce nuclei far from the β- stability line
and superheavy nuclei, to explore the properties of ex-
cited nuclear states and the mechanisms of their decay
and to study the dynamics of nuclear reactions [1–6].
The burning of stars is also associated with reactions
involving the sub-barrier fusion of nuclei [7]. Fusion of
two atomic nuclei occurs when the interacting bodies can
overcome the barrier formed by the sum of the attractive
nuclear and the repulsive Coulomb and centrifugal po-
tentials. If the kinetic energy measured in the center of
mass system is below the barrier height, classically for-
bidden fusion can occur through quantum tunneling of
the barrier which is known as sub-barrier fusion. The
nuclear fusion cross section at energies in the vicinity of
the barrier depends greatly on the barrier height. It is
well known that fusion excitation functions cannot be
satisfactorily explained assuming penetration through a
single, well-defined barrier in the total potential energy
of a colliding nucleus-nucleus system. In order to repro-
duce shapes of the fusion excitation functions, especially
at low near-threshold energies, it is necessary to assume
coexistence of different barriers, a situation that is natu-
rally accounted for in the description of fusion reactions
in terms of coupled channel calculations involving cou-
pling to various collective states.
The aim of the present work is to obtain the nuclear
fusion cross sections for reactions involving medium and
heavy nucleus-nucleus systems. The phenomenological
description of the fusion excitation functions is achieved
by assuming a Gaussian shape of the barrier distribution
treating the mean barrier and its variance as free param-
eters and folding it with the classical expression for the
fusion cross section for a fixed barrier with the distance
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corresponding to the location of the interaction barrier
as another free parameter. The free parameters are then
determined individually for each of the reactions by com-
paring the predicted fusion excitation function with ex-
perimental data. The energy dependence of the fusion
cross section, thus obtained, provides good description to
the existing data on near-barrier fusion and capture ex-
citation functions for medium and heavy nucleus-nucleus
systems. The predictions of fusion or capture cross sec-
tions are especially important for planning experiments
aimed at producing new super-heavy elements.
II. FUSION BARRIER DISTRIBUTION
It is well known that the energy dependence of the fu-
sion cross sections can not be well estimated assuming
simply the penetration through a well-defined barrier in
one-dimensional potential of a colliding nucleus-nucleus
system. The heavy-ion fusion cross sections require inter-
pretation [8] in terms of a distribution of potential bar-
riers. The smoothening due to the quantal barrier pen-
etration replaces set of discrete barriers by an effective
continuous distribution. In order to reproduce shapes of
experimentally observed fusion excitation functions, par-
ticularly at low, near-threshold energies, it is necessary
to assume a distribution of the fusion barrier heights, the
effect that results from the coupling to other than relative
distance degrees of freedom. This is naturally achieved
in coupled-channel calculations, involving the coupling to
the lowest collective states in both colliding nuclei. The
structure effects in the barrier distributions are neglected
in the present work and for the distribution of the fusion
barrier heights, a Gaussian shape for the barrier distri-
bution D(B) is assumed [9]. The barrier distribution is,
therefore, given by
D(B)dB =
1√
2piσB
exp
[
− (B −B0)
2
2σ2B
]
(1)
2where the two parameters, the mean barrier B0 and the
distribution width σB , to be determined individually for
each reaction.
III. THE FUSION CROSS SECTION
The energy dependence of the fusion cross section is
obtained by folding the barrier distribution [9, 10] pro-
vided by Eq.(1), with the classical expression for the fu-
sion cross section given by
σf (B) = piR
2
B
[
1− B
E
]
for B ≤ E
= 0 for B ≥ E (2)
where RB denotes the relative distance corresponding to
the position of the barrier approximately, which yields
σfus(E) =
∫
∞
0
σf (B)D(B)dB
=
∫ B0
0
σf (B)D(B)dB +
∫ E
B0
σf (B)D(B)dB (3)
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σB
E
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(4)
and erfξ is the Gaussian error integral of argument ξ. The
parameters B0 and σB along with RB is to be determined
by fitting Eq.(3) along with Eq.(4) to a given fusion exci-
tation function. In the derivation of formula Eq.(3), the
quantum effect of sub-barrier tunneling is not accounted
for explicitly. However, the influence of the tunneling on
shape of a given fusion excitation function is effectively
included in the width parameter σB .
The fusion cross section formula of the Eq.(3) ob-
tained by using the diffused-barrier, is a very elegant
parametrization of the cross section for a process of over-
coming the potential-energy barrier. Hence, it can be
successfully used for analysis and predictions of the fusion
excitation functions of light, medium and moderately
heavy systems, especially in the range of near-barrier en-
ergies. The term ‘capture’ is used to refer the process of
overcoming the interaction barrier in a nucleus-nucleus
collision, followed by formation of a composite system. In
general, the composite system undergoes fusion only in a
fraction f of the capture events. For light and medium
systems, f ≈ 1, and almost all the ‘capture’ events lead
to fusion resulting fusion cross sections to be practically
identical with the capture cross sections. However, for
very heavy systems, only a small fraction (f < 1) of
‘capture’ events ultimately lead to fusion while for the re-
maining part of the events, the system re-separates prior
to equilibration and clear distinction between fusion and
capture cross sections then becomes necessary. There-
fore, for very heavy systems, when the overcoming the
barrier does not guarantee fusion, predictions based on
Eq.(3) give the capture cross section.
IV. CALCULATION AND RESULTS
The near-barrier (above barrier) fusion excitation func-
tions of medium and heavy nucleus-nucleus systems have
been analyzed using a simple diffused barrier formula
(given by Eq.(1)) derived by folding the Gaussian bar-
rier distribution with the classical expression for the fu-
sion cross section for a fixed barrier. The same set
of target-projectile combinations have been selected for
which heavy ion sub-barrier fusion has been recently [11]
studied. The values of mean barrier height B0, width
σB and the effective radius RB have been obtained us-
ing the least-square fit method. These values are listed
in Table-I and arranged in order of the increasing value
of the Coulomb parameter z = Z1Z2/(A
1/3
1
+ A
1/3
2
).
Since the number of data points for 48Ca+124Sn is too
low compared to other systems, the error bars for B0
(111.93±0.44), σB (1.28±0.83) and RB (8.24±0.09) are
rather large.
TABLE I: The values of the mean barrier height B0, the width
of the barrier height distribution σB and the effective radius
RB , deduced from the analysis of the measured fusion exci-
tation functions.
Reaction z Refs. B0 σB RB
[MeV] [MeV] [fm]
16O+154Sm 62.94 [12] 58.80 2.43 10.04
17O+144Sm 63.49 [12] 60.28 1.75 10.46
16O+148Sm 63.51 [12] 59.88 2.31 10.61
16O+144Sm 63.91 [12] 60.65 1.76 10.46
36S+110Pd 90.94 [13] 85.51 1.92 8.20
32S+110Pd 92.39 [13] 86.04 3.10 8.45
48Ca+96Zr 97.41 [14] 93.76 2.75 10.07
48Ca+90Zr 98.58 [14] 94.94 2.11 10.01
40Ca+96Zr 100.01 [15] 94.30 3.09 9.71
40Ca+90Zr 101.25 [15] 96.26 1.67 10.07
48Ca+124Sn 116.00 [16] 111.93 1.28 8.24
40Ca+124Sn 118.95 [17] 113.36 2.70 9.57
In Figs.-1 & 2, the measured fusion excitation func-
tions represented by full circles are compared with the
predictions of the diffused barrier formula depicted by
the solid lines. The two systems of 16O+144Sm and
40Ca+124Sn illustrated in Figs.-1 & 2 correspond to two
extreme Coulomb parameter (z) values of ∼ 64 and ∼
119, respectively. It can, therefore, be easily perceived
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FIG. 1: Comparison of the measured fusion excitation func-
tions (full circles) for 16O+144Sm with predictions (solid lines)
of the diffused barrier formula.
from these figures that precisely measured fusion exci-
tation functions provide systematic information on the
essential characteristics of the interaction potential, viz.
the mean barrier height B0 and width σB of its distri-
bution, for nucleus-nucleus collisions. The fusion or cap-
ture cross sections can also be predicted by using Eq.(3)
and theoretically obtained values of the parameters B0
and σB [9] for planning experiments for synthesizing new
super-heavy elements.
V. SUMMARY AND CONCLUSION
In summary, the fusion reaction cross sections have
been calculated for above barrier energies over a wide
energy range. A set of precisely measured fusion excita-
tion functions has been studied in order to learn about
the conditions of overcoming the potential energy bar-
rier in nucleus-nucleus collisions and to obtain systematic
information on the essential characteristics of the inter-
action potential, viz. the mean barrier height B0 and
width σB of its distribution, between the two colliding
nuclei. For the analysis of the experimental data a sim-
ple diffused-barrier formula is derived assuming Gaussian
shape for the barrier distribution. Using the least-square
fit method, precisely determined values of the mean bar-
rier height B0, the width σB and the effective radius RB
have been obtained.
Results of the present analyses provide a new vista to
predict fusion excitation functions for not yet studied
nuclear systems. Strictly speaking, one can predict
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FIG. 2: Comparison of the measured fusion excitation func-
tions (full circles) for 40Ca+124Sn for with predictions (solid
lines) of the diffused barrier formula.
only the ‘overcoming-the-barrier’ cross sections which,
as discussed are not identical with fusion cross sec-
tions in the case of very heavy systems. To calculate
the overcoming-the-barrier cross section for a given
projectile-target combination one can use the present
fusion cross section formula and apply theoretical values
of the parameters B0 and σB to predict cross sections
for overcoming the barrier in collisions of very heavy
systems used to produce superheavy nuclei. Prediction
of the energy dependence of the cross section for capture
or sticking can be used as one of three basic ingredients
in the sticking-diffusion-survival model [18] for calcu-
lating the production cross sections of superheavy nuclei.
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